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Final Report
Research on Quantum Algorithms at the Institute for Quantum Information and Matter

Principal Investigators: John Preskill, Leonard Schulman (Caltech)

Other Faculty: Alexei Kitaev, Thomas Vidick (Caltech)

Postdoctoral Associates: Gorjan Alagic, Mario Berta, Elizabeth Crosson, Nicolas Delfosse, Glen Evenbly, Omar Fawzi, David
Gossett, Stacey Jeffery, Olivier Landon-Cardinal, Spiros Michalakis, Fernando Pastawski, Kristan Temme, Beni Yoshida
Faculty Associates: Todd Brun (USC), Sandy Irani (UC Irvine)

Graduate Students: Michael Beverland, Peter Brooks, Bill Fefferman, Matt Fishman, Jeongwan Haah, Isaac Kim, Anna Komar,
Alex Kubica, Sujeet Shukla, Nicole Yunger Halpern

Type of Award: QA

Start Date: 2012

End Date: 2016

Report Date: May 2016, award ended February 29, 2016

Main Project Goals:

The central goals of our project are (1) to bring large-scale quantum computers closer to realization by proposing and analyzing
new schemes for protecting quantum systems from noise, and (2) to conceive, develop, and analyze new applications of
quantum computing to physics and mathematics.

Project Description:

This project is devoted to building the theoretical foundations of quantum information science across a broad front, with a
particular emphasis on quantum algorithms, quantum complexity, and fault-tolerant quantum computing. Basic advances in all
of these areas are needed to bring revolutionary quantum technologies closer to realization. The research is conducted at
Caltech’s Institute for Quantum Information and Matter (IQIM).

Our research on fault-tolerant quantum computing addresses the crucial questions: How much noise can be tolerated by a
quantum computer, and how does the noise impact the resources needed to complete a large-scale computation successfully?
It is vital to answer these questions to assess the prospects for realizing powerful quantum technologies. Our approach
emphasizes rigorous results. We are also pursuing new ways to encode and process quantum information that are intrinsically
robust on physical grounds.

Our research on quantum algorithms emphasizes new applications that reach beyond the hidden subgroup paradigm. Topics of
particular interest include algorithms based on tensor contractions and simulations of quantum many-body systems using
quantum or classical computers. We hope to sharpen understanding of which simulation problems are hard for classical
computers, and to propose interesting simulations that might be achieved using existing methods for controlling physical
systems such as cold atoms trapped in optical lattices.

Status and Accomplishments (incomplete list).

Our contributions in 2012-2013 included:

+ ascheme for obfuscating quantum circuits,

» amethod for performing quantum gates protected by a continuous variable code,

» aproposed quantum resistant cryptosystem based on the hardness of solving systems of quadratic equations,
* amagic state distillation protocol with reduced overhead,

* new connections between quantum information science and quantum many-body physics.

Our contributions in 2013-14 included:

« an algorithm for simulating fermionic quantum field theories using a quantum computer,

* bounds on information propagation rates in quantum systems with long-range interactions,
« efficient dissipative algorithms for preparing topologically encoded quantum states,

* new algorithms for simulating quantum impurity systems using a classical computer.

Our contributions in 2014-15 included:

* aproposed scheme for quantum homomorphic encryption,

» aclassification of fault-tolerant logical gates in topological quantum codes,

» circuits for efficient simulation of single-qubit unitary transformations,

* multiprover interactive protocols for verifying low-energy states of local Hamiltonians,

» construction of a novel family of quantum codes with important implications for the study of quantum gravity.

Our contributions in 2015-16 included:
« animproved classical simulation of quantum circuits dominated by Clifford gates,
+ anew method for designing quantum algorithms based on span programs,



+ ademonstration that quantum simulated annealing can be exponentially faster than classical simulating annealing,
+ a proof that the mixing time for abelian quantum double models is independent of system size,
« an accuracy threshold for encoded quantum annealing schemes.

Five graduate students completed their Ph.D. degrees in 2012-2016. Michael Beverland will be awarded his degree in June
2016, and will join Microsoft Research. Peter Brooks joined HRL Laboratories; Bill Fefferman is a Postdoctoral Scholar at the
Joint Center for Quantum Information and Computer Science (University of Maryland/NIST); Jeongwan Haah is a Pappalardo
Fellow at MIT, and Isaac Kim is a postdoctoral fellow at Perimeter Institute.

Eight postdoctoral scholars moved on from IQIM to faculty or staff positions elsewhere: Gorjan Alagic, Postdoctoral Scholar
(University of Copenhagen); Glen Evenbly, Postdoctoral Scholar (UC Irvine); Omar Fawzi, Assistant Professor of Computer
Science (ENS de Lyon); David Gosset, Research Staff (IBM T.J. Watson Research Center); Olivier Landon-Cardinal,
Postdoctoral Scholar (McGill University); Fernando Pastawski, Postdoctoral Scholar (Freie Universitat, Berlin), Kristan Temme,
Research Staff (IBM T.J. Watson Research Center); Beni Yoshida, Senior Postdoctoral Researcher (Perimeter Institute).

Here are some highlights of our research accomplishments under this project.
Accomplishments in 2012-13

Quantum circuit obfuscation schemes based on braids [1]:

A circuit obfuscator is an algorithm that translates logic circuits into functionally-equivalent similarly-sized logic circuits that are
hard to understand. Circuit obfuscators have obvious practical applications for hiding the design of physical circuits. Sufficiently
powerful obfuscators would also have significant theoretical implications in cryptography, such as the ability to turn private-key
encryption into public-key encryption. While ad hoc obfuscators exist, theoretical progress has mainly been limited to no-go
results. Gorjan Alagic, with Stephen Jordan, proposed a new notion of circuit obfuscation, which they call partial-
indistinguishability. They proved that, in contrast to previous definitions of obfuscation, partial-indistinguishability obfuscation
can be achieved by a polynomial-time algorithm. Specifically, their algorithm re-compiles the given circuit using a gate that
satisfies the relations of the braid group, and then reduces to a braid normal form. A variant of this obfuscation algorithm can
also be applied to quantum circuits. Very little is known about quantum circuit obfuscation, and this work appears to be the first
nontrivial result in that area.

An MQ/Code Cryptosystem Proposal [19]:

Quantum computers will be able to break public key cryptosystems which are widely used in electronic commerce. How will we
protect our privacy against adversaries in a post-quantum world? Are there classical public key cryptosystems that will
effectively resist quantum attacks? One proposed scheme, due to McEliece, is based on the hardness of decoding error-
correcting codes, but recent successful attacks on the McEliece scheme have called its security into question. Leonard
Schulman has proposed a new scheme based on the hardness of solving systems of quadratic equations. Though it is also
code-based, in Schulman’s proposal the error-correcting code is not revealed in the public key, which protects against the
leading attacks on McEliece's method.

An area law and sub-exponential algorithm for 1D systems [10]:

It has been known for several years that, in the ground state of a one-dimensional quantum system with a local Hamiltonian and
an energy gap, the entanglement entropy of a connected subsystem is bounded above by a constant independent of the
subsystem’s size. Alexei Kitaev and collaborators showed that this constant scales linearly with the reciprocal of the spectral
gap, a big improvement over the best previous estimate, which scaled exponentially. They also found an algorithm for
approximating the ground state which runs in subexponential time. These results notably improve our understanding of
entanglement in ground states of local quantum systems and of the computational complexity of simulating these systems.

Protected gates based on continuous-variable quantum codes [15]:

How can we protect quantum computers against noise? One way is to use quantum codes and active error correction, another
is to control errors passively using braiding of non-abelian anyons. Yet another, performing quantum gates with
superconducting circuits, passively protected by continuous variable quantum codes, was analyzed by Peter Brooks, Alexei
Kitaev, and John Preskill. In their scheme, gates are executed by turning on and off a tunable Josephson coupling between an
LC oscillator and a superconducting qubit or pair of qubits; assuming perfect qubits, they showed that the gate errors are
exponentially small when the oscillator's impedance is large in natural units. If superconducting circuits with very high
inductance can be achieved experimentally, this scheme suggests a promising route to high-fidelity quantum computing
protected by a novel physical encoding of quantum information.

Magic state distillation with low overhead [4]:

Most approaches to fault-tolerant quantum computing use distillation of so-called magic states to achieve a universal set of
quantum gates, and distillation dominates the overhead cost of quantum fault tolerance in many such schemes. Jeongwan
Haah and Sergey Bravyi proposed a new family of “triorthogonal” error-detecting stabilizer codes that substantially improve the
overhead cost of state distillation. Compared to the best previously known protocol, their method reduces the overhead by a



factor of two for distilling magic states with accuracy 10-12.

Fault-tolerant gadgets protected against highly biased noise [16]

Peter Brooks and John Preskill developed a scheme for fault-tolerant quantum computation based on asymmetric Bacon-Shor
codes, which works effectively against highly biased noise dominated by dephasing. They found the optimal Bacon-Shor block
size as a function of the noise strength and the noise bias, and estimated the logical error rate and overhead cost achieved by
this optimal code. Their fault-tolerant gadgets, based on gate teleportation, are well suited for hardware platforms with
geometrically local gates in two dimensions.

Sufficient condition on noise correlations for scalable quantum computing [18]:

John Preskill studied the effectiveness of fault-tolerant quantum computation against correlated Hamiltonian noise, and derived
a sufficient condition for scalability. He showed that arbitrarily long quantum computations can be executed reliably provided
that noise terms acting collectively on k system qubits are sufficiently weak, and decay sufficiently rapidly with increasing k and
with increasing spatial separation of the qubits.

A class of highly entangled many-body states that can be efficiently simulated [2]:

Glen Evenbly, with Guifre Vidal, introduced a quantum circuit that produces a highly entangled state of N qubits for which one
can efficiently compute expectation values of local observables. Specifically, in a lattice system in D dimensions, the scaling of
entanglement of a region of size LD in a state described by this circuit is not subject to restrictions such as a boundary law LD-
1, but can be proportional to the volume of the region. They argued that this circuit could be suitable as a variational ansatz for
certain classes of highly entangled quantum ground states.

Accomplishments in 2013-14

Quantum algorithms for fermionic quantum field theories [36]:

John Preskill has been working with Jordan and Lee on applications of quantum computing to quantum simulation, in particular
the simulation of quantum field theories. Though formally a field theory has an infinite number of degrees of freedom per unit
volume, they had shown in previous work that a particle scattering process can be accurately simulated using a number of
qubits and quantum gates that scales polynomially with the energy and the number of particles produced in the process. They
have recently developed an algorithm for simulating theories with fermions, introducing a variety of new techniques. This work
constitutes further progress towards an efficient quantum algorithm for simulating the Standard Model of particle physics.

Persistence of locality in systems with power-law interactions [31, 32]:

Motivated by recent experiments with ultra-cold matter, Spiros Michalakis and collaborators derived a new bound on the
propagation of information in D-dimensional lattice models exhibiting long-range interactions. This bound contains two terms:
One accounts for the short-ranged part of the interactions, giving rise to a bounded velocity and reflecting the persistence of
locality out to intermediate distances, while the other contributes a power-law decay at longer distances. They demonstrated
that these two contributions not only bound, but qualitatively reproduce the short- and long-distance dynamical behavior
following a local quench in an XY chain and a transverse-field Ising chain. Their results demonstrate that even modestly-sized
quantum simulators are well-suited for studying complicated many-body systems that are intractable to classical computation.

Dissipative state preparation [34, 35]:

Fernando Pastawski, with Koenig, has studied the resources needed to prepare many-particle states with long-range
entanglement using local dissipative open system dynamics. They showed that a dissipative encoder can prepare a
topologically-ordered ground state of a local Hamiltonian on an L x L lattice in time O(L), which is optimal. This scaling
compares favorably with previously known local unitary encoders for the toric code which take time of order Q(L?) and require
active time-dependent control. They also proved that for any topological code in D dimensions, the time required to encode
logical information into the ground space is at least Q(d1/(D—1)), where d is the code distance.

A theory of minimal updates in holography [23, 26]:

Glen Evenbly, with Vidal, has advanced the theory of entanglement renormalization, the modern formulation of the real-space
renormalization group for quantum systems on a lattice, based on the removal of short-range entanglement in each coarse-
graining step. Their work relates tensor network methods to holography, where a many-body system is regarded as the
boundary of another system in one higher dimension, with the extra dimension corresponding to renormalization scale.
Specifically, they have proposed and applied a theory of minimal updates in holography, answering how much a holographic
description of a quantum ground state needs to be modified when the local Hamiltonian of the system is changed in a bounded
region. This research sets the stage for applying tensor network methods to problems in holographic field theories and quantum
gravity.

Accomplishments in 2014-15

Characterizing fault-tolerant gates in topological quantum codes:
Quantum error-correcting codes protect quantum information from noise, but for scalable quantum computation we also need to



be able to process the encoded quantum data without uncontrolled propagation of error. Preskill, Pastawski, and Yoshida, with
student Michael Beverland and other collaborators, classified the logical gates that can be performed on topologically encoded
data with manageable error propagation [71,72]. In related work with student Alex Kubica, Pastawski, Yoshida, and Beverland
[56,71] worked out explicit mappings between codes, which can be exploited to broaden the family of fault-tolerant operations.
These mappings can also be applied to the classification of topological phases of quantum matter.

Quantum Homomorphic Encryption for Circuits of Low T-Gate Complexity:

A fully homomorphic encryption scheme is a method of encryption with the property that any computation on the plaintext can
be performed by a party having access to the ciphertext only. The first classical schemes for fully homomorphic encryption were
discovered just a few years ago. Postdoc Stacey Jeffery, with Anne Broadbent, has proposed two quantum schemes which are
provably secure, but become inefficient for quantum circuits with large complexity [63]. These schemes, the first of their kind,
are reminiscent of early classical schemes which applied only to circuits with a limited number of multiplication gates, but turned
out to be precursors of efficient fully homomorphic encryption schemes.

Reconstruction of quantum states with small conditional mutual information:

For a quantum state with three disjoint parts A, B, and C, the conditional mutual information (CMI) I1(A:C|B) quantifies how
strongly A and C are correlated from the viewpoint of an observer in B. In particular, when I(A:C|B) = 0, the full state on ABC
can be perfectly reconstructed using an operation mapping B to BC applied to the marginal state on AB; no access to A is
needed, because A and C have no surviving correlations once B is completely known. Shortly before his arrival at IQIM,
postdoc Omar Fawzi, with Renato Renner, showed that the reconstruction still succeeds with high fidelity when the CMI has a
small nonzero value. Since then, this breakthrough result by Fawzi and Renner has been extended in further work by Fawzi and
by postdoc Mario Berta, with their collaborators. Sutter, Fawzi, and Renner showed there is a universal recovery map which
works on any state with a given marginal on BC [58]. Berta and Tomamichel found an elegant operational proof of the result
based on semi-definite programming duality [51]. These results have notable applications to device-independent quantum
cryptography, to quantifying entanglement, and to the classification of quantum phases of matter.

Exact synthesis of single-qubit unitaries over Clifford-cyclotomic gate sets:

To run on a fault-tolerant quantum computer, a quantum algorithm needs to be compiled, decomposed in terms of the quantum
gates that the computer can execute accurately. A recently constructed compiling algorithm approximates arbitrary single-qubit
unitary transformations using the optimal number of gates, but only for the universal gate set consisting of Clifford group gates
(symmetries of the octahedron in the Bloch sphere), and one T gate (rotation by angle Z/4). Postdoc David Gosset and
collaborators have generalized this construction to the case where the T gate is replaced by a rotation by Z/n for particular
integer values of n [62]. Such results can significantly reduce the overhead cost of operating a quantum computer.

Spacetime as a quantum error-correcting code:

Two of the most fascinating concepts in physics are quantum error correction (properly encoded quantum states can be
protected from damage) and the holographic principle (the information stored in a region of space is subtly encoded on the
region’s boundary). Recent work by IQIM scientists indicates that these two ideas are more closely related than had been
previously appreciated: John Preskill, with postdocs Fernando Pastawski, Beni Yoshida, and Daniel Harlow, constructed
quantum error-correcting codes which realize many of the features of the holographic correspondence between a bulk
spacetime and its boundary [69]. In particular, local operators deep inside the bulk correspond to highly nonlocal operators on
the boundary which are very well protected against errors in which portions of the boundary are erased, and entanglement
entropy on the boundary corresponds to geometrical properties of the bulk. In related work, postdoc Ning Bao and collaborators
formulated a set of entropy inequalities which characterize the entanglement structure of boundary systems which correspond
to smooth bulk geometries [42].

Quantum interactive proofs with entangled provers:

Multiprover quantum interactive proof systems provide a complexity-theoretic lens for studying the nonlocal properties of
quantum entanglement. Thomas Vidick, with Joe Fitzsimons, has shown that entanglement shared by a small number of
isolated parties can be a surprisingly powerful resource [76]. Specifically, they found a protocol which allows five entangled
provers to certify the existence of a low-energy ground state of a local Hamiltonian, by communicating only a constant number
of qubits to a verifier; thus the verifier can confirm the existence of a low-energy global n-particle state without being shown
more than a constant number of qubits of that state. This result may be a first step towards a multiprover quantum variant of the
famous PCP (Probabilistically-Checkable-Proof) Theorem, a cornerstone of classical complexity theory.

Accomplishments in 2015-16

Error correction for encoded quantum annealing. Fernando Pastawski and John Preskill [86] analyzed a quantum annealing
architecture recent proposed by Lechner et al., in which a spin glass with all-to-all connectivity is simulated by a spin glass with
geometrically local interactions. They pointed out that this scheme is highly robust against measurement errors in the final
readout. The simulated spins can be regarded as the logical variables of a classical low-density parity-check code, with a high
accuracy threshold.



Improved classical simulation of quantum circuits dominated by Clifford gates. David Gosset, with Sergey Bravyi, considered
how the resources needed for classical simulation of a quantum circuit scale with the number t of T gates (rotations by angle
4/4), when all the other gates are Clifford gates [87]. Their classical simulation scheme is surprisingly efficient, and may serve
as a verification tool for medium-size quantum computations that are dominated by Clifford gates.

Approximate span programs. For any decision problem, there exists a span program leading to an algorithm with optimal
quantum query complexity, but finding such an algorithm is generally challenging. Stacey Jeffery, with Tsuyoshi Ito, formulated
new ways to design quantum algorithms using span programs [89]. For example, using their techniques, the span program for
OR, which can be used to design an optimal algorithm for the OR function, can also be used to design optimal algorithms for
threshold functions (in which we want to decide if the Hamming weight of a string is above a threshold or far below, given the
promise that one of these is true), and approximate counting (in which we want to estimate the Hamming weight of the input).

Effectiveness of simulated quantum annealing. Simulated quantum annealing is a Monte-Carlo algorithm, running on a classical
computer, which samples the equilibrium thermal state of a quantum annealing Hamiltonian. Elizabeth Crosson, with Aram
Harrow, showed that simulated quantum annealing sometimes successfully accounts for the effects of quantum tunneling in a
quantum annealer, exhibiting an exponential advantage over classical simulated annealing in which quantum tunneling is not
faithfully described [93]. This work supports the growing consensus that quantum annealers are unlikely to achieve exponential
speedups over classical computing solely by the use of quantum tunneling.

Arrhenius law for mixing time of abelian anyon models. Anna Komar, Olivier Landon-Cardinal, and Kristan Temme studied the
mixing times of quantum codes which support abelian anyons described by the group Zd [94]. They showed that these codes
have an energy barrier with constant height independent of system size, and that the mixing time follows the Arrhenius law
determined by this barrier height. This work provided a rigorous foundation for further explorations of self-correcting quantum
memories.
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